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Abstract. Clear images of myosin filaments have been 
seen in shadowed freeze-fracture replicas of single fi- 
bers of relaxed frog semitendinosus muscles rapidly 
frozen using a dual propane jet freezing device. These 
images have been analyzed by optical diffraction and 
computer averaging and have been modelled to reveal 
details of the myosin head configuration on the fight- 
handed, three-stranded helix of cross-bridges. Both the 
characteristic 430-A and 140-150-A repeats of the 
myosin cross-bridge array could be seen. The mea- 
sured filament backbone diameter was 140-160 ~, 
and the outer diameter of the cross-bridge array was 
300 A. Evidence is presented that suggests that the 
observed images are consistent with a model in which 
both of the heads of one myosin molecule tilt in the 
same direction at an angle of -50-70 ° to the normal 
to the filament long axis and are slewed so that they 
lie alongside each other and their radially projected 
density lies along the three right-handed helical tracks. 
Any perturbation of the myosin heads away from 
their ideal lattice sites needed to account for x-ray 
reflections not predicted for a perfect helix must be 
essentially along the three helical tracks of cross- 
bridges. Little trace of the presence of non-myosin 
proteins could be seen. 
horough knowledge of the  structure  of the  myosin- 
containing filaments in both muscle and non-muscle 
contractile systems is clearly essential  if the mecha- 
nism of force production in these systems is to be understood. 
In particular, x-ray diffraction analysis of cross-bridge move- 
ments associated with contraction (9,  10) is likely to require 
the prior knowledge of the cross-bridge organization on the 
myosin filaments in relaxed muscle (24). 
The last few years have seen a significant advance in myosin 
filament studies.  Beautiful electron micrographs of isolated 
myosin filaments from various invertebrate muscles have now 
been obtained (14, 19, 30) and these show for the first time 
excellent preservation of the helical arrays of myosin cross- 
bridges. In all cases, details of  the organization of  cross-bridges 
within the helical arrays have been obtained by optical dif- 
fraction and by three-dimensional reconstruction methods. 
More recently, electron micrographs of much improved prep- 
arations of isolated vertebrate  muscle myosin filaments have 
been obtained (13). These confirm the three-stranded helical 
symmetry of the myosin cross-bridge  array (23), and they 
show that the strands are right-handed. However, apart from 
the general conclusion that the cross-bridge density lies essen- 
tially along these strands, there appears  to be little detailed 
information so far about the organization of myosin heads 
within the three-stranded helix. 
Another approach to the study of myosin filament structure 
is to optimize the preservation of the cross-bridge  array in 
whole muscle fibers by means of rapid freezing methods (1, 
2, 7). The ultrastructure in the fibers can then be visualized 
using freeze-fracturing, deep-etching, heavy metal shadowing, 
and carbon  replication.  As was  reported in early  1983 by 
Cantino and Pollack (1), such an approach to the study of 
mechanically skinned fibers from frog semitendinosus mus- 
cles, in this case frozen by a propane jet freezing device (17), 
does indeed preserve the helical array of cross-bridges. The 
replicas show the expected repeats of 430 and 143 A, both of 
which are characteristic  of vertebrate  muscle thick filaments. 
Recently two reports of analogous studies  of relaxed  rabbit 
muscle frozen on a  helium-cooled copper block (slammer) 
device have been published.  Although in the first (11) little 
helical  structure was  seen,  the  second (12)  showed micro- 
graphs with improved preservation of the three right-handed 
helical tracks of cross-bridges. However there was little indi- 
cation of the characteristic  143-A cross-bridge  repeat.  We 
have now carried out image analysis and modelling studies of 
a  selection  of the  frog  muscle replicas  obtained using the 
propane jet freezing method. We have found not only that 
they confirm the three-stranded symmetry of  the cross-bridge 
helix and its right-handedness,  but also that they show clearly 
the 143-A cross-bridge repeat and provide information about 
the configuration of the myosin heads within this repeat. 
Materials and Methods 
Freeze-Fracture Replicas 
Myosin filaments used in this study were from samples frozen in a dual propane 
jet  freezing device (2). Single fibers from the semitendinosus muscle of frogs 
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mounted between two hooks in a relaxing solution containing  110 mM KCI, 3 
mM  MgCI2, 2.5  mM ATE 5 mM EGTA,  and  10  mM Imidazole,  at  10*C, 
adjusted to pH 7.0. Rapidly frozen samples were fractured at -105 to -110°C 
in a Balzers BAF 301  freeze-fracture unit (Balzers, Hudson,  NH), etched for 4 
min at -95"C, and unidirectionally  shadowed with ~30 ]~ of Pt-C. Replicas 
were cleaned in bleach, picked up on formvar-coated grids, and viewed in an 
electron  microscope  (JEOL  USA,  Peabody,  MA).  For a  description  of the 
freeze-fracture, deep-etch technique see Heuser (7). 
Optical Diffraction 
Optical diffraction patterns were recorded from contrasty copies of  the original 
micrographs using a horizontal laser diffractometer of  conventional design (15). 
Negatives were immersed in oil, when necessary, to reduce phase artifacts due 
to variations in emulsion thickness. 
Image Processing 
Translationally  averaged images of selected filaments were produced by proc- 
essing the appropriate  areas of 256  x  256  pixel images with 256 grey levels 
obtained  using a  Microsight T.V. imaging system (Digithurst  Ltd., Royston, 
Cambridge,  England)  and  a  SIRIUS  microcomputer.  Magnifications  of the 
originals were chosen to give -30-40 pixels per 430-,~ repeat, corresponding 
to a  pixel resolution  of ~10-15  /~.  Average images were displayed  on the 
computer screen and either photographed directly or dumped to a dot matrix 
printer.  Alternatively. average images were printed  out as number arrays  for 
contouring. 
Results 
Appearance of the Cross-bridge Helix 
Images of myosin filaments in single skinned fiber prepara- 
tions were obtained from  10  frogs.  Although  the degree of 
helical  order varied  from  sample to sample, a  majority of 
fibers frozen under relaxing conditions contained many fila- 
ments where a myosin helix was readily discernable. A good 
example is shown in Fig.  1. In all cases the angle subtended 
between  the  source  and  the  plane  of the  fracture  surface 
(horizontal) was 40*. Within this plane the projected direction 
of shadowing could be varied through an angle (O) between 0* 
and 90* relative to the long axis of the muscle fibers. To reveal 
different aspects of the cross-bridge arrays, several different 
shadowing  angles (0)  were  used.  In some cases,  where  the 
filament lattice was disrupted, filaments at several angles were 
found within the same sample. However, here too the shad- 
owing angle for each filament could still be determined. All 
of the filaments discussed here were shadowed at an angle (O) 
of ~20*. This particular shadowing angle gave images in which 
both the 430 ]k and  140-150-~, repeats were clearly deline- 
ated. Results from filaments shadowed at different angles will 
be presented elsewhere. We selected the most highly ordered 
regions for our analysis, and some typical examples are pre- 
sented in Fig. 2. Filaments were characterized by helical turns 
similar  to  those  reported  by  Ip  and  Heuser  (12),  with  a 
measured axial spacing of 390-430  ,~,  presumed to be the 
known 430-A helical repeat of myosin. In addition,  helical 
gyres were punctuated by clear subunits with an axial spacing 
of approximately one-third  of the  helical  repeat.  This was 
presumed to correspond to the characteristic  143-,~ myosin 
repeat.  The hand  of the helix could be determined directly 
from samples in which we were careful to keep the replica 
upright  during  cleaning,  and  was  confirmed  to  be  right- 
handed  by comparison  with  the  right-handed,  long-period 
strands of the actin helix visible in parts of some sarcomeres. 
Optical Diffraction 
Images of single  myosin  filaments were  analyzed  both  by 
optical diffraction and by real space image averaging methods. 
Fig. 2, e and fare typical examples of the optical diffraction 
patterns from these  filaments.  Clearly visible is a  series of 
layer lines that can be indexed on the measured thick filament 
repeat of -400 A. By analogy with x-ray diffraction patterns 
from intact vertebrate skeletal muscles, the first layer line (1 
-- 1), with its strong off-meridional component, was taken to 
correspond to the 430-.A, x-ray layer line (8).  Similarly, the 
third-order reflection,  usually with greatest intensity  on  or 
close to the meridian, was taken to correspond to the 143-]~ 
meridional x-ray reflection (1 =  3). 
The appearance of these  diffraction  patterns is generally 
consistent with the expected transform of a one-sided helical 
structure with  the known  thick filament helical symmetry. 
However, some interesting features were also seen.  For ex- 
ample, meridional intensity was often seen on the first,  sec- 
ond, fourth, and fifth layer lines,  with the first, second, and 
fifth meridional reflections being the strongest and the most 
frequent. Such intensity, which is also seen in x-ray diffraction 
patterns from relaxed frog muscle (5,  8),  would not be ex- 
pected from a simple helix. It has previously been accounted 
for largely in terms of a perturbation of the cross-bridge axial 
repeat from a regular 143-,  ~` spacing (20,  24, 27,  32).  Cross- 
bridge intervals of ~160  A,  120  ,~,  and  140  ,~, have been 
observed in cryo-sections of human muscle (27), and diffrac- 
tion patterns of micrographs of this and other higher verte- 
brate muscles have often shown strong second- and fifth-order 
meridional reflections. 
In the case of the shadowed filaments described here, there 
is an added complication in the analysis of  axial perturbations. 
Some of the observed features may be due to the fact that 
even perfectly helical arrays of subunits shadowed unidirec- 
tionally would not be expected to appear as perfect one-sided 
helices.  This is because the repeating subunits on the helix 
will be at different azimuths around the helix axis relative to 
the heavy metal source and will thus be shadowed in slightly 
different ways. This means that the  shadowed  frog muscle 
myosin filaments shown here,  although appearing approxi- 
mately helical,  will actually have a periodic pattern of shad- 
owing on them with  a  true  repeat of 430  ,A,; slightly  non- 
equivalent  shadowing  of myosin  would  occur  on  myosin 
heads separated axially by either  143 A  or 2  x  143,~. This 
could, in principle, lead artificially to the generation of for- 
bidden meridional reflections, for example, on the first,  sec- 
ond, fourth, and fifth layer lines.  However, the fact that the 
strongest meridional reflections in our patterns do correspond 
to those seen in x-ray diffraction patterns suggests that such 
effects may be relatively minor compared with  the known 
cross-bridge perturbations. The nature of the axial perturba- 
tions seen  in these  filament replicas will  be discussed  else- 
where. 
Image Averaging 
In order to see more details of the density features spaced at 
140-150-fi~  intervals,  we have carried out averaging of the 
filament images by translations along the filament axis equal 
to the  axial repeat of 430 ~,.  Because of the possible non- 
equivalence of the shadowing of successive subunits along the 
helix,  and because of the intrinsic perturbations that may be 
present, it is not appropriate here to carry out helical averaging 
of the type that is conventionally used for images of negatively 
stained helical structures (3). 
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shadowed,  deep-etched  replica 
from a  frog semitendinosus fiber. 
Electron  microscope images  here 
and  in  Fig.  2  have  been  photo- 
graphically reversed  so  that  the 
platinum appears white and shad- 
ows appear black. Large arrow in- 
dicates the direction of shadowing 
(angle 0), which was close to 20* to 
the fiber axis (see text). White ar- 
rowheads  indicate filaments with 
particularly  clear  helical  struc- 
tures; they are included in Fig. 2. 
Bar, -  1,000 ~.. 
As described in  Materials and  Methods,  filament images 
were processed using 256  ×  256 pixel digital density arrays of 
each  area  of  interest.  Selected  areas  of  each  image  were 
translationally averaged using between three and seven helical 
repeats. A  number of such average images are shown in Fig. 
3.  Although many filaments within each  sarcomere showed 
similar structures, we were careful to choose, where possible, 
those filaments that were well separated from their neighbors 
and  showed  clear edges.  They  have  been  arrayed in  Fig.  3 
with their repeats in  approximate axial register so that their 
similarities are  emphasized.  It  can  be  seen  that  all  of the 
filaments  show  long  clear  helical  strands  of density  along 
which  are well-defined density peaks of spacing about one- 
third of the helix repeat. Slight variations in appearance occur 
in these and other averages in that some filaments show very 
deep diagonal shadows along the grooves between the helical 
strands, whereas others have more weakly contrasted grooves. 
This could be associated with  slight variations either in the 
shadowing angle or in the depth of the filament in the fracture 
surface. 
The  outer  diameter  of the  cross-bridge array  (~300  ,~) 
together with the backbone diameter, where it can be seen, of 
140-160  A, and the 430-,~ axial repeat of these images, are 
all consistent with a three-stranded thick filament cross-bridge 
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showing clear right-handed  helical tracks of 140-150 A-spaced sub- 
units (bar, -430 ,~). a and b are from opposite sides of the M-band 
in the sarcomere in Fig. 1. Because of the dihedral symmetry of the 
thick filaments, the cross-bridge arrays therefore have opposite polar- 
ity in a and b and are thus shadowed in opposite directions, e and f 
are optical diffraction patterns  from a and d, respectively (fiber axis 
vertical). They show clear layer lines at orders of 430 A, (labeled 1, 2. 
3, and 4), but additional  intensity is seen (arrowed) on the meridian 
in fat a spacing of -215 A (second layer line). In e, an additional 
reflection (arrowed) of spacing -190 ,~ is unexplained. 
helix with the center of mass of the cross-bridges at a radius 
of ~100-150  ,~  from  the  helix  axis.  These  values  for the 
backbone and outer diameters and the radius of the center of 
mass agree well with previous estimates (6,  12,  13, 24). From 
x-ray diffraction data (8) and using the point mass approxi- 
mation with a  J3 Bessel function (24), the calculated center of 
mass would be at a radius of 134 ,~. 
Images such as those in Fig. 3, where the subunit position 
can be seen clearly, have these subunits disposed in relative 
positions  very  close  to  those  expected  for a  perfect  three- 
stranded 9/1  helix,  as shown below using model structures. 
Note, however, that this must mean that any real perturbation 
of the cross-bridges away from the line of the helical tracks 
must  be  rather  small;  the  perturbation  must  be  essentially 
along the  three  long-pitched  helical  tracks.  There  is  also  a 
tendency for the density peaks on the  143-/~  repeat to have 
elongated  profiles  that  lie  along  these  three  tracks.  Little 
evidence is seen of the presence of bulky extra proteins such 
as  C-protein,  X-protein,  or  H-protein  (28).  These  may be 
closely associated with the filament backbone and may them- 
selves be aligned along the long period helical tracks. 
Analysis of the Myosin Head Configuration 
Generation of  Models 
The  images  and  optical  diffraction  patterns  that  we  have 
obtained convincingly confirm the general structure predicted 
for the  vertebrate  myosin filament by x-ray diffraction and 
other techniques (i.e.,  three-stranded, with pitch and subunit 
axial  repeats  of 430 and  143  ,~;  reference  23).  In principle 
they must also contain information about the configuration 
of the myosin cross-bridges on the thick filament surface. To 
understand better the images that might be produced by the 
unidirectional  deposition  of platinum-carbon  on  the  cross- 
bridge array and to see if the technique has the potential to 
distinguish  different  cross-bridge  configurations,  we  con- 
structed  several  models with the  symmetry and relative  di- 
mensions of vertebrate myosin filaments. In these models the 
heads could be arranged in any desired configuration. In an 
attempt to simulate the effects of the shadowing, we illumi- 
nated the (white) models against a black background using a 
point (projector) light source shining in the appropriate direc- 
tion  (O  =  20*).  We  also  defocused  the  camera  slightly  to 
simulate the increased diameter and loss of resolution asso- 
ciated with the heavy metal layer. The individual heads could 
be oriented at any slew (a) and tilt (~)  as defined in Fig. 4. 
The backbone radius (R in Fig. 4) and hence the inner end 
of the heads was set at ~75 ~,. 
Five of the models tested with this procedure are shown in 
Fig. 5. Fig. 5, a-e  shows the appearance of each of the models 
with the a  and ~ values indicated in the legend. The first two 
filaments (a and b) are based on x-ray diffraction modelling 
of the cross-bridge array in relaxed frog muscle by Haselgrove 
(6). The second pair of models (c and d) provides the current 
next best and best fits for the new x-ray diffraction data from 
relaxed fish (plaice fin) muscle (4).  Of these, model d is very 
much preferred. The last model (e) is a modified version of d 
in  which  the  heads  are  more  closely  associated  with  the 
filament  backbone; they have a  much larger tilt  angle.  To- 
gether, these models approximate to all of the classes of cross- 
bridge configuration that are consistent with the need to keep 
the cross-bridge density concentrated largely along the three 
long-pitched helices.  Models a,  b, and e have the centers of 
mass of the cross-bridges at radii of 130-140 ~, as suggested 
by x-ray diffraction data.  Models c and d have slightly larger 
radii. 
The effects of two other variables were also modelled using 
this  system.  Photographs  were  taken  of heads  tilting  both 
away from the light source (Fig. 6, top row) and towards the 
source (Fig.  6,  bottom  row).  In  addition,  the  models  were 
photographed  at  two  orientations  differing  by  a  rotation 
around  the  filament  axis  of 20*;  a  further  rotation  of 20* 
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Figure 3. Translationally averaged images of individual filaments such as those in Fig. 2. Averages included (a) four repeats, (b) five repeats, 
(c) four repeats, and (d) three repeats. Density contour levels from ~30% to above 90% of maximum are shown. The lowest two levels are 
dotted. Most filaments have rather regular helical tracks of density peaks. These peaks tend to be elongated along the helical tracks so that the 
clefts between the helical tracks are well defined. The arrowed line shows the 430-A repeat. 
would return the models to their original configuration be- 
cause of the 40* azimuthal separation of cross-bridges on the 
three-stranded 9/1 helix. However, it was found that the two 
azimuthal orientations of a  particular model  showed  only 
minor differences in each case. For this reason we have shown 
only one orientation of each model in Fig. 6; only the effects 
of shadowing each structure from opposite ends are illustrated. 
Comparison of  Averages and Models 
There  is  always a  problem  in trying to  interpret electron 
micrographs of processed  biological material in that  some 
preparative artifacts are bound to occur and, to some extent, 
these may be unknown and variable in effect.  However, in 
the present case, although (a) some disorder in the myosin 
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Figure 4. Definition of  the slew 
angle (a) and tilt angle (/3) used 
to describe myosin head orien- 
tation  on  the  thick  filament 
(axis vertical, A-A).  Only one 
head of each pair is shown. R 
is the radius  from the axis of 
the  filament  backbone  to the 
inner ends of  the myosin heads. 
head array is inevitable, (b) some variation in the shadowing 
is likely to occur, and (c) the processing, including the effects 
of heavy metal deposition, may modify the structure slightly, 
the similarity of the observed structure to that predicted from 
x-ray diffraction data (see later comments) shows that detailed 
analysis of these images is both worthwhile and relevant to 
native  relaxed  thick  filament  structure.  The use  of average 
images will in any case reduce the effects of variable preser- 
vation and shadowing in successive repeats of  the cross-bridge 
array. 
In  analyzing  the  different  model  images  in  Fig.  6  and 
comparing them with the observed average images shown in 
Fig. 3, a number of  different factors can be taken into account. 
These are: (i) The apparent pitch angle of the helical tracks; 
a parameter related not only to the pitch length and the outer 
radius of the cross-bridges in the original models (Fig. 5), but 
also  to  the  way  in  which  the  shadows  in  Fig.  6  highlight 
different features.  The mean  pitch angle in  the averages in 
Fig. 3, as estimated from the slopes of lines visually fitted to 
the centers of the density peaks along the helical segments, is 
~68" (+2*). Pitch angles similarly measured in Fig. 6 are about 
(a) 66*, (b) 60-65", (c) 64*, (d) 65", and (e) 69*. In each case 
(except b) these angles are probably accurate to within 2*. (ii) 
The  general  appearance  of the  shadowing  along  the  three 
helical tracks giving the 430-A repeat.  Under the shadowing 
conditions that were used (i.e.,  0 =  20*) these tracks are clearly 
delineated as long, narrow, almost linear segments about five 
subunits (5 x  140-150-A repeats) long. (iii) The similarity or 
differences between the same model illuminated from oppo- 
site ends.  The observed filament images, although not iden- 
tical, were not radically different on opposite sides of the M- 
band in a  given sarcomere, as can be seen clearly in Fig.  I 
(arrowed filaments) and Fig. 2, a and b. This rather surprising 
observation in view of the dihedral 32-point group symmetry 
of the vertebrate thick filament (l 6) is a strong constraint on 
possible  models. Although our method of image defocusing 
will  obviously  not  simulate  exactly  the  effects  of shadow 
thickness, these results do illustrate nevertheless the potential 
difficulty there could be, in models such as Fig. 5, d and e in 
which  both  heads  tilt  in  the  same  direction,  in  defining 
whether this tilt is towards or away from the M-band. 
Figure 5.  (a-e) Models with pairs  of myosin  heads arranged  in a 
variety of  configurations on the backbone surface of a three-stranded 
thick filament. Individual heads were modelled to be 160-,~ long by 
~50-55 A in diameter (at the widest point). Head shape approximated 
to that used in Offer et al. (18). The backbone diameter was scaled to 
150 A.  Pairs of heads were located  precisely on the appropriately 
scaled lattice defined by a three-start helix with 430-A pitch (bar) and 
143-A subunit axial repeat. No attempt was made to model a pertur- 
bation in the array, Models were constructed by fixing rubber police- 
men (pipette bulbs) to a metal post via pipecleaners, thus providing 
flexible joints between the  heads and  the  backbone.  Models were 
sprayed  with  a  matt  white  paint  to produce  a  uniform  reflecting 
surface. Head positions in the five models were as follows: (a) a  = 
+90", +90";/3 = +30", -30*; (b) a = +60", +60*;/3 = +20", -20*; (c) 
ct = +30*, +30*;/3 = +30", -30*; (d) a = 0-+15", +15-30"; 13 = +20- 
30*, +20-30*; (e) a = 0-+10", +20-30*;/3 = +50-70", +50-70*. 
On the basis of the various criteria listed  above, we have 
concluded that on face value model e in Figs. 5 and 6 gives 
the most satisfactory results.  In the images of models b-d in 
Fig. 6, the apparent pitch angle of the tracks of cross-bridges 
is  ~60-65*,  significantly  less  than  the  68*  in  the  average 
images in Fig. 3. Model a gives  slightly better agreement (66"), 
but the slopes in the average images and in model e are rather 
close (68* and 69*). Secondly, models b-d do not show the 
strong delineation of  the helical tracks observed in the average 
images in Fig. 3. These helical tracks are, however, clear in 
Fig.  6 e  and in  Fig.  6 a,  top.  Finally there are very obvious 
differences between models a-d when illuminated in opposite 
directions,  whereas  the  observation  is  that  only  relatively 
subtle differences can be seen between filaments on opposite 
sides of a  single M-band in the same A-band (Fig.  1).  Only 
model e  in Fig.  6  reproduces this  feature.  That  model  e  in 
Figs.  5  and  6  gives a  good  representation  of the  observed 
images is  indicated  in  Fig.  7,  where  a  micrograph and  the 
model  image  are  arrayed  side-by-side.  The  obvious  visual 
correlation is very striking. However, it should be remembered 
that shadowing remains an uncertain procedure and, despite 
the close similarity of  the images in Fig. 7, the present analysis 
only provides one further piece of  evidence about cross-bridge 
organization. Nevertheless support for our conclusions comes 
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5 but illuminated  by a single point 
source of light at the same angle (8 
= 20*) as the source of shadow in 
the  micrographs and averages in 
Figs. 1,2, and 3, and photographed 
with  a  slight defocus. (Bottom) 
Models a-e in Fig. 5 but this time 
inverted to show the effect of shad- 
owing on cross-bridge  arrays of op- 
posite polarity, related by the di- 
hedral symmetry of the myosin fil- 
aments across the  M-band.  The 
direction  of  illumination in  all 
cases was from the lower right as 
indicated by the arrow. Note the 
marked  difference in appearance 
in the  images of filaments  with 
opposite polarity in all cases except 
e from Fig. 5 where the differences 
are more subtle. For discussion see 
text. 
from the fact that the chosen model (Fig. 5 e) is consistent 
with x-ray diffraction data as described below. 
Discussion 
Comparison  with Other Cross-bridge Arrays 
Recent analysis of the cross-bridge arrays on thick filaments 
from  muscles other than frog has either involved three-di- 
mensional reconstruction of isolated filaments (14,  19,  29, 
30) or the modelling of x-ray diffraction data (4, 6).  In all 
cases it is clear that there is a common trend in which, however 
many long-pitched strands of cross-bridges there are (i.e., four 
for  Limulus  [29]  and tarantula [14,  19];  seven for  Pecten 
[30]; three for plaice and frog [4, 25, and the present work]), 
the myosin heads lie along these helical tracks. However, the 
question remains in these  other  cases,  as  in frog,  whether 
The Journal  of Cell Biology, Volume 102, 1986  616 Figure 7. Comparison of(a) the mi- 
crograph in Fig. 2a after inversion 
with (b) the model in Fig. 6e, top. 
The correlation is good. 
(model A) the density peaks are produced by two heads from 
a single myosin molecule both tilting in the same direction as 
in Fig.  5 e or (model B) they are due to a  single head from 
one myosin molecule tilting away from the bare zone and 
overlapping with a second head from a myosin molecule 143 
A further along the helical track and tilting  back towards the 
bare  zone (i.e., as  in  Fig.  5,  b  and  c).  In the  case  of the 
tarantula thick filament, the three-dimensional reconstruction 
by Padron et al.  (19)  has  been  interpreted  in  terms of the 
second kind of structure (B) with  heads from two different 
myosin molecules overlapping.  Work on other invertebrate 
muscles also  seems  to prefer model B (29,  30). Our present 
results on frog muscle thick filaments tend to favor model A, 
in  which  both  heads  point  in  the  same direction,  as  does 
recent analysis of the low angle x-ray diffraction pattern from 
plaice  fin  muscle (4). It seems  very likely  that  the  similar 
density  shapes  seen  on the  myosin filaments in  all  of the 
invertebrate  muscles mentioned so  far probably mean that 
there is a similar,  but not necessarily  identical,  arrangement 
of myosin heads  in  each case.  However, based  on present 
evidence for vertebrate muscle,  we prefer model A in which 
both heads from a  single  myosin molecule tilt  in the same 
direction. In this case invertebrate thick filaments are either 
different from those of vertebrates  or their three-dimensional 
reconstructions have been wrongly interpreted; just as in the 
case of the shadowed filaments described  here, interpretation 
of any such reconstructions is by no means a straightforward 
task.  Thus,  despite  having closely  related  helical  arrays of 
cross-bridge  origins  (22, 25), it may well be that the myosin 
heads  in  many different  relaxed  muscles, (not  insect  flight 
muscle; 21, 26, 31) form one of two types (A and B) of head 
configurations on the helical arrays. 
In conclusion, computer enhancement of  the freeze fracture 
replicas obtained by Cantino and Pollack (1, 2) has produced 
remarkably clear images of vertebrate myosin filaments.  First, 
these show for the first time in preparations of bulk tissue the 
three-stranded right-handed myosin cross-bridge  helices and 
both of the characteristic myosin repeats  of 430 A and  140- 
150 A. Second, they show that any perturbation of the cross- 
bridge  helix of the kind proposed to account for the meridi- 
onal x-ray reflections not expected from perfect helices cannot 
have a marked component that would move the myosin heads 
off the helical  tracks.  Analysis of the observed perturbations 
will be presented  elsewhere.  Finally,  the appearance of the 
average images in comparison with the model structures that 
we have studied is consistent with a structure in which both 
of  the heads in one myosin molecule tilt in the same direction. 
Of course,  as  mentioned  earlier,  such  modelling does  not 
prove that our chosen model is correct.  On the other hand, 
by making reasonable  assumptions about  myosin filament 
structure we have been able to mimick the electron micro- 
graph images as well as could reasonably be hoped for. 
The model proposed here for the frog muscle cross-bridge 
army (Fig. 5 e) is closely related to that deduced for plaice fin 
muscle (Fig. 5 d) from x-ray diffraction data (4). The models 
are not identical,  but the frog structure, with/~ =  50-70", can 
be transposed into that for fish by a small decrease (~30*) in 
tilt angle. This difference in tilt is consistent with the relative 
weakness  compared with the 429- and 215-,~ layer lines  of 
the  143-.~ meridional  reflection  in  frog muscle  diffraction 
patterns.  The intensity of the  143-A  reflection  is  relatively 
stronger in patterns from fish muscle than in frog patterns; a 
result  that suggests that the axial  tilt  of the heads must be 
larger in frog muscle thick filaments than in fish. The smaller 
head tilt in fish thick filaments would also be associated  with 
a  small  increase  in the radius of the center of mass of the 
cross-bridges,  an observation consistent with observed  small 
differences between the positions of  the intensity peaks on the 
430-A x-ray layer lines  from the two muscles  and also with 
the  fact that the A-band lattice  in  fish  is slightly  larger  in 
spacing at rest length than that in frog (4, 8). This agreement 
with other data suggests that the large tilt deduced from these 
shadowed replicas  is  a  genuine  feature  of the  cross-bridge 
array in vivo and is not, for example,  due to a tendency of 
the heavy metal shadow to plaster the heads back against the 
thick filament shaft. 
Further analysis  is being carried out of images  of similar 
preparations to those described here but shadowed in different 
directions.  It is  hoped that  these  preparations will contain 
information that will help our preference  for the myosin head 
pairs being in conformation A rather than B and also provide 
evidence about whether this head tilt is towards or away from 
the M-band. 
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